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Abstract

Using the dynamic transmission electron microscope (DTEM), the dewetting of thin nickel films
was monitored at nanometer spatial and nanosecond timescales to provide insight into the liquid-
phase assembly dynamics. Correlated time and length scales indicate that a spinodal instability
drives the assembly process. Measured lifetimes of the liquid metal agree with finite-element
simulations of the laser-irradiated film. These results can be used to design improved synthesis

and assembly routes toward achieving advanced functional nanomaterials and devices.
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Letter

The synthesis and organization of functional nanomaterials via bottom-up self- and directed
assembly represents a critical challenge for the future of nanoscience. Generating arrays of
nanoparticles with controlled size and spatial distributions is key to this challenge, and processes
that exploit morphological instabilities offer the potential to attain these fine-scale spatially
correlated structures. There has been long-standing interest in the capillarity and surface tension
effects on morphological evolution in various materials systems, dating back to the work of
Plateau' and Rayleigh®. Recently, pulsed-laser-induced dewetting of two-dimensional films’”,

113 and lithographically patterned nanostructures'*' has

one-dimensional lines and rings
demonstrated that understanding and controlling thin-film and Rayleigh-Plateau instabilities
improves the ability to create organized metallic nanoparticle ensembles. Assembled particles
have also been shown to “jump” or eject from one substrate and transfer to another depending on

1618 Heretofore, the

the energetics and dynamics of various laser-melted nanostructures
nanosecond liquid-phase dynamics have been inferred by ex-situ observations of the re-solidified
metal quenched after different liquid lifetimes'®. To gain further insight into the assembly
dynamics, we present initial results for the nanoscale (time and length) observation of the
dewetting of a 10-nm-thick nickel film that has been pulsed-laser melted in-sifu using the

dynamic transmission electron microscope (DTEM)**?’.

Liquid nickel has an equilibrium contact angle with silicon nitride of ~120°** (consistent with a
104+10° angle measured via tilted SEM images of resultant dewet nanoparticles—see
Supporting Information), and therefore nickel thin films can be expected to dewet silicon nitride
substrates upon heating. Figure 1 shows conventional bright-field TEM images of a) an as-
deposited Ni film and b) the Ni film after pulsed-laser-induced melting, which shows dewetting
and nanoparticle formation near the edge of the laser spot (the center of the laser spot is in the
direction of the lower-left corner of the image). The change in the dewetting pattern from the
lower-left corner to the upper-right corner of Figure 1b) demonstrates the change in radial laser
fluence due to a Gaussian beam profile, resulting in a radial liquid time-temperature profile.
Higher-magnification images are shown for c) the saturated nanoparticle morphology and d) the

earlier-stage interconnected rivulet morphology. Inset in Figure Ic) is an image of a single



nanoparticle that shows twinning, consistent with rapid solidification. It is also evident from the

contrast of the particles that they are polycrystalline.

Figure 2 shows dynamic TEM images of a) an initial film region prior to laser exposure and after
time delays of b) 15 ns and ¢) 20 ns, respectively. Each image represents a different area of the
deposited film that was laser treated and imaged under identical experimental conditions but at
different time delays. The lower left corner of the images is approximately the laser center and,
as described in the Methods section, the laser spot has a Gaussian profile and thus the radial
profile of each image also contains thermal and temporal information. Figure 2d) shows an
image taken long after a laser pulse to show the resultant nanoparticle structure in the same field
of view. The images in Figure 2 were filtered to remove noise and irrelevant intensity variations
using a 3x3 median filter followed by a local brightness and contrast equalization filter using a
Gaussian kernel with an rms width of 33 pixels in the x- and y-directions. The raw images are

provided in the Supporting Information.

Dynamic selected-area diffraction (SAD) patterns were recorded as a function of time to
complement the dynamic imaging and estimate the nickel liquid lifetime. Figure 3a) shows a
series of SAD patterns taken at various times relative to the specimen pump laser’s interaction
with the specimen (including as-deposited and post-laser-pulse diffraction patterns using a long
exposure time). The simulated diffraction pattern for polycrystalline nickel is included in the
long-exposure as-deposited diffraction pattern. The conventional diffraction pattern from the as-
deposited film shows broad diffraction rings due to finite crystal-size effects, indicating that the
film is nanocrystalline, which can also be observed in the bright-field image of Figure 1a). After
the film has dewet, the diffraction pattern shows spotted rings due to the larger-grain
polycrystalline morphology. While there appears to be a slight {111} preferred orientation in the

as-deposited thin film*""'

, there is no preferred orientation or texture seen in the dewet film.

The time labeled on each diffraction pattern is the delay between the arrival times of the peaks of
the specimen pump laser pulse and the electron probe pulse at the specimen. Both pulse widths
are ~15 ns, and thus each exposure (time-resolved diffraction pattern or image) is a time-

averaged snapshot over 15 ns. Thus for [¢| < 10 ns, the two pulses overlap significantly such that



the sample is being rapidly heated during the exposure. This accounts for the observed heating

effects at negative times.

Inspection of the time-resolved diffraction patterns in Figure 3a) reveals changes in the structure
of the nickel film indicative of melting and re-solidification®”. There is a noticeable change in the
short-range order at times as short as the first ten nanoseconds (-5 ns diffraction pattern) after
interaction of the pump laser with the specimen, evidenced by a broadening of the {111}
diffraction ring and a disappearance of higher-order diffraction rings. Figure 3b) shows radially
averaged patterns of the experimental data in Figure 3a) that more clearly illustrate the dynamics
of the laser melting process. Following the progression of the peaks centered about the {111}
and {200} lattice spacings, a broadening of both peaks is observed beginning at around -5 ns.
The {111} peak continues to broaden and become diffuse with time, while the intensity of the
{200} peak decreases with time, disappearing altogether by 5 ns, at which time the diffraction
pattern consists of a single diffuse diffraction ring that is characteristic of a liquid, indicating that
the region of the film from which the diffraction patterns were obtained has melted. Intensity in
the {200} peak begins to return at ~20-25 ns. This broadening of the {111} diffraction feature
(4.92 nm™) is shown in Figure 3c), which plots the full-width half-maximum (FWHM) of the
{111} peak as a function of time. The FWHM values were obtained by subtracting the
background from the radially averaged patterns and fitting the {111} peak to a Lorentzian
profile. The initial FWHM of the {111} peak in the as-deposited film is 0.36 nm™ and reaches a
maximum of 1.15 nm™ at 10 ns, after which it begins to decrease as the film re-solidifies. The

diffraction data and analysis in Figure 3 indicate a liquid lifetime of ~20-25 ns.

To complement the dynamic TEM imaging of the pulsed-laser-induced self-assembly process,
we simulated one-dimensional time-temperature profiles to mimic the spatial profile of the
Gaussian laser beam and correlate to the experimentally observed temporal images and
diffraction patterns. Briefly, the model is a one-dimensional finite element model and considers a
10-nm-thick nickel film on a 15-nm-thick silicon nitride membrane where the thermophysical
properties of nickel and silicon nitride are considered and a melting temperature suppression of

33,34
d B

~1676 K is assume . Zero absorption in the silicon nitride is assumed (only thermal

conduction from the nickel film is included) and radiative heat loss is included, as thermal



conduction is ignored above and below the films due to the low pressure in the TEM. Figure 4
shows a series of time-temperature profiles as a function of radius (inset is the center region
extended to longer times to illustrate the functionality of the radiative cooling). Considering the
spatial and temporal variations due to the radial laser profile, there is good agreement between
the experimentally determined (~25ns+15ns) and simulated liquid lifetimes of: center=50ns, 2
pm=45ns, 4 um=36ns, 6 um=26ns, 8 um=11ns. From Figure 4, the simulated radius of the
melted nickel film region is ~8—10 um. The actual melt radius as demonstrated by the
morphological changes in the 15- and 20-ns DTEM images in Figure 2 appears to be ~10-15
pum. This difference in the estimated and observed melt radius is attributed to radial thermal

conductivity, which is ignored in the thermal model.

As can be seen in Figure 2b) and 2c), both the radial profile and the dynamic TEM images
capture well the evolution of the dewetting self-assembly process, which is attributed to a
spinodal thin-film instability’>>®. Spinodal thin-film instabilities are initiated by surface wave
perturbations and importantly have correlated time and length scales. Examination of the radial
profiles in Figure 2b) and 2c) shows that at large radii, holes form with a correlated time and
length scale from surface wave perturbations. Individual holes grow, merge with neighboring
holes, and form pseudo-linear chains that can subsequently break down via Rayleigh-Plateau
instabilities to form nanoparticle arrays with correlated length scales. In addition to the radial
profiles in each image, comparison of the 15- and 20-ns images in Figure 2 nicely demonstrates
the dynamics of the thermally induced assembly process. Figure 2b) reveals that after only 15 ns
(+15-ns electron pulse width) the center ~5 um of the laser-heated region of the film has already
evolved into nanoparticles. Examination of Figure 2c) shows that the saturated nanoparticle
region extends to ~10 um; however, the nanoparticle size and spacing is slightly coarsened. The
change in the saturated nanoparticle timescale is likely due to changes in the time-temperature
profiles as a function of radius and the resultant change in viscosity in the high-temperature
center—the instability hole formation, hole growth, and Rayleigh-Plateau instability are all
accelerated at lower viscosity. For instance, image analysis of a 5 um x 5 pm box in the lower
left corner of Figure 2d), which correlates to the near laser spot center and hottest region, reveals
an average particle diameter of ~120 nm and from the fast Fourier transform of the area an

average spacing of ~385 nm. If one examines a similar sized area beyond an ~10 um radial



position, the average particle size is ~170 nm and the spacing is ~670 nm. While the particle size
could be affected by some evaporative loss due to the higher cumulative thermal profile, the
nanoparticle spacing is determined by the instability. Thus, based on the observed temporal
imaging, we attribute the change in length scale to the change in the instability mechanism:
namely, that the central ~<10-pum region is driven by a spinodal liquid-phase instability and

beyond the melted region, a solid-state dewetting process™ '

that leads to a longer length scale is
operative. The observed solid-state dewetting beyond the liquid melt region is unique to what has
been typically observed on bulk substrates, which is likely due to radiative versus thermal
conduction cooling. The inset in Figure 4 also shows for comparison the equivalent time-
temperature profile of the center energy density of 250 mJ/cm” for a 10-nm-thick nickel film on
the 15-nm-thick nitride membrane and an energy density of 325 mJ/cm” to reach a comparable
peak temperature on a bulk (50-pm-thick) silicon nitride substrate. Clearly the sample cooling is
expedited on the bulk substrate due to thermal conduction and thus solid-state mechanisms

typically not observed could be operative. Imaging at longer time scales will be investigated in

the future to examine these solid-state mechanisms.

In summary, we have for the first time captured the nanoscale time and spatial dynamics of
liquid-phase self-assembly of a 10-nm-thick nickel film suspended on a silicon nitride membrane
into a nanoparticle array. The correlated time and length scales of the assembly process suggest
that assembly is induced via a spinodal thin-film instability. Dynamic TEM imaging illustrates
the spinodal dewetting evolution process and dynamic electron diffraction analysis confirms the
metallic liquid lifetimes, determined to be ~25ns. Complementary finite-element modeling of the
laser-irradiated films agrees well with the measured liquid lifetime and the observed radial

profiles of the TEM images that are generated as a result of the Gaussian laser profile.

Methods

Nickel films were dc magnetron sputter deposited directly onto 15-nm-thick silicon nitride TEM
membranes (Ted Pella, Inc., Redding, CA). The nickel films were then exposed to a variety of
fluences using a 1064-nm wavelength, 15-ns pulsed laser source with a Gaussian beam profile

(1/¢* diameter of 135+5 pm), and an adequate melt threshold was observed using a total



deposited energy of ~4.1 pJ. Subsequent to determining appropriate laser conditions for the
nickel melting and self-assembly, the 10-nm-thick nickel films were laser-heated and in-situ
observations of the dewetting process were conducted in the dynamic transmission electron
microscope (DTEM) operating in both conventional TEM and pulsed-electron modes at 200 kV.
The DTEM is a modified JEOL 2000FX TEM that incorporates two nanosecond pulsed lasers to
drive both the specimen and a photocathode®, allowing pump-probe experiments with single-
shot imaging and diffraction capabilities at high spatiotemporal resolution. Dynamic processes in
the specimen are initiated with an ~15-ns-pulse-width neodymium-doped yttrium-aluminum-
garnet (Nd:YAG) laser (1064 nm wavelength); a neodymium-doped yttrium-lithium-fluoride
(Nd:YLF) laser that is frequency quintupled to 211 nm stimulates a photoemission electron
source to generate >2 x 10° electrons in a 15-ns pulse. The time delay between the pump and
probe laser pulses can be controlled from nanoseconds to hundreds of microseconds with a
timing jitter of £1 ns. Further details on the configuration of the DTEM can be found in prior

. . 2
publications®**?".

The thermal model is a one-dimensional finite-element model based on the Fourier heat diffusion
equation. The model uses a 1-nm spatial resolution spacing and a time step of 1 fs to capture
both the thermal absorption of the laser energy and the temporal profile of the laser pulse. The
simulation considers a 10-nm-thick nickel film on a 15-nm-thick silicon nitride membrane. To
account for the incident angle of the laser beam (45 degrees) a thickness of 14 nm and 21 nm
were used for the nickel film and silicon nitride membrane, respectively. The thermophysical
properties of nickel and silicon nitride are considered and a melting temperature suppression of
~1676 is assumed®**. Zero absorption in the silicon nitride is assumed (only thermal conduction
from the nickel film). Radiative heat loss is included at the top of the nickel film and the bottom
of the silicon nitride membrane. Thermal conduction at the system boundaries is not considered

due to the low pressure in the TEM.

Supporting Information

Figures S1 and S2. This material is available free of charge via the Internet at http://pubs.acs.org.
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Figures

-
Figure 1: Conventional bright-field TEM images of a) the as-deposited Ni film and b) the Ni

film after pulsed-laser-induced dewetting. The image of the dewet film was recorded
near the edge of the laser spot (the center of the laser spot is not shown, but was in the
direction of the lower-left corner of the image) to illustrate the effect of the Gaussian
laser profile on the final morphology. Higher-magnification images of both dewet
morphologies are shown in ¢) and d). Inset in (c) shows twinning in a nanoparticle,

consistent with rapid solidification.
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Figure 2: Time-resolved (15-ns exposure times) images of the a) as-deposited Ni film, b,c) the

film as it dewets the substrate at time delays of b) 15 ns and ¢) 20 ns, and d) the dewet
film, recorded ~30 s after the laser pulse. The center of the laser pulse was toward the

lower-left corner of the images.
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Figure 3: a) Diffraction patterns showing the time evolution of the film as it dewets the
substrate. The initial diffraction pattern recorded from the as-deposited film shows the
simulated Ni diffraction pattern overlaid on the experimental pattern, recorded with a
1-s exposure time. The time evolution was followed in 5-ns intervals using 15-ns
exposure times. b) Radially averaged intensity as a function of reciprocal lattice
vector for all diffraction patterns shown in a). ¢) A plot of the full-width half-
maximum (FWHM) of the peak centered around the {111} peak position (4.92 nm™)

as a function of time.
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Figure 4: Simulated nickel time-temperature profiles as a function of the Gaussian laser radius,
demonstrating an approximately 8-pm melt radius. Inset compares the nickel time-
temperature profiles (to 1 ps) of the peak energy density (250 mJ/cm®) on the thin
membrane versus a larger laser energy density (325 mJ/cm®) on a bulk silicon nitride
sample. The more rapid cooling associated with thermal conduction on the bulk

substrate is clear relative to the radiative cooling that dominates the nickel on the

silicon nitride membrane.



Supporting Information

c) d)
Figure S1:Raw time-resolved images of the a) as-deposited Ni film, b,c) the film as it dewets the
substrate at time delays of b) 15 ns and c¢) 20 ns, and d) the dewet film, recorded

~30 s after the laser pulse. Images are the same as Figure 2, but without filtering.
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Figure S2:Tilted scanning electron micrograph of a 10-nm-thick nickel film deposited on a 100-
nm-thick silicon nitride thin film on a silicon substrate. The film was pulsed-laser

treated to measure the liquid nickel—silicon nitride wetting angle.



